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Editor: Simon PollardEnergy efﬁciency of vacuum cleaners has been declining over the past decadeswhile at the same time their num-
ber in Europe has been increasing. The European Commission has recently adopted an eco-design regulation to
improve the environmental performance of vacuum cleaners. In addition to the existing directive onwaste elec-
trical and electronic equipment (WEEE), the regulation could potentially have signiﬁcant effects on the environ-
mental performance of vacuum cleaners. However, the scale of the effects is currently unknown, beyond scant
information on greenhouse gas emissions. Thus, this paper considers for the ﬁrst time life cycle environmental
impacts of vacuum cleaners and the effects of the implementation of these regulations at the European level.
The effects of electricity decarbonisation, product lifetime and end-of-life disposal options are also considered.
The results suggest that the implementation of the eco-design regulation alone will reduce signiﬁcantly the im-
pacts from vacuum cleaners (37%–44%) by 2020 comparedwith current situation. If business as usual continued
and the regulation was not implemented, the impacts would be 82%–109% higher by 2020 compared to the im-
pactswith the implementation of the regulation. Improvements associatedwith the implementation of theWEEE
directive will be much smaller (b1% in 2020). However, if the WEEE directive did not exist, then the impacts
would be 2%–21% higher by 2020 relative to the impacts with the implementation of the directive. Further im-
provements inmost impacts (6%–20%) could be achieved by decarbonising the electricity mix. Therefore, energy
efﬁciency measures must be accompanied by appropriate actions to reduce the environmental impacts of elec-
tricity generation; otherwise, the beneﬁts of improved energy efﬁciency could be limited. Moreover, because
of expected lower life expectancy of vacuum cleaners and limited availability of some raw materials, the eco-Keywords:
Eco-design
Energy efﬁciency
Life cycle assessment (LCA)
Electricity decarbonisation
Waste electrical and electronic equipment
(WEEE).ac.uk (A. Gallego-Schmid).
. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
193A. Gallego-Schmid et al. / Science of the Total Environment 559 (2016) 192–203design regulation should be broadened to reduce the impacts from raw materials, production and end-of-life
management.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Several studies have assessed life cycle environmental impacts of
different electrical appliances and electronic products (Andrae and
Andersen, 2010; Song and Li, 2015). The former include refrigerators
(Monfared et al., 2014), dishwashers (Johansson and Björklund, 2010),
ovens (Mudgal et al., 2011) and washing machines (Ardente and
Mathieux, 2014). The impacts of electronic products studied in the liter-
ature include plasma TVs (Feng and Ma, 2009; Hischier and Baudin,
2010), computers (Choi et al., 2006; Duan et al., 2009; Teehan and
Kandlikar, 2012) and monitors (Zhou and Schoenung, 2007), mobile
phones (Andrae and Vaija, 2014) and e-books (Jeswani and Azapagic,
2015). However, the analysis of the life cycle environmental perfor-
mance of vacuum cleaners has received little attention in literature
with few studies available. For example, Lenau and Bey (2001) and
Hur et al. (2005) proposed and tested different simpliﬁed life cycle as-
sessment (LCA) methodologies using semi-quantitative inventory data
of unspeciﬁed models of vacuum cleaners as examples. In both studies,
the main objective was to compare the proposed methodologies and,
therefore, these studies did not provide speciﬁc conclusions related to
the environmental performance of these devices. A screening LCA on
vacuum cleaners (AEA, 2009)was also performed as part of preparatory
documents for the development of the European Union (EU) eco-design
regulation for vacuum cleaners (European Commission, 2013a). The
main objective of this study was to assess the environmental perfor-
mance of different types of vacuum cleaner and to identify improve-
ment opportunities. The study was performed with aggregated
inventory data provided by manufacturers and speciﬁc data obtained
by disassembly of certain elements (AEA, 2009). Only three environ-
mental impacts were considered (global warming, eutrophication and
acidiﬁcation), in addition to some air emissions and heavy metals
which were estimated at the inventory level only. The ﬁndings indicat-
ed that use of vacuum cleanerswas themain hotspot and identiﬁed var-
ious alternatives to improve their energy efﬁciency and cleaning
performance. However, as far as we are aware, a comprehensive LCA
study of vacuum cleaners has not been carried out yet so that it is not
known how the use stage affects other impacts and how much the
other life cycle stages, such as raw materials and waste management,
contribute to these. This is particularly pertinent in light of the
European strategy on circular economy which promotes resource efﬁ-
ciency and waste minimisation (European Commission, 2014).
The power rating of vacuum cleaners has increased markedly since
the 1960s, from 500 W to over 2500 W, persuading consumers that a
“powerful” cleaner will perform better (AEA, 2009; Biček et al., 2014;
Dyson, 2011). However, higher power does not necessarily lead to a bet-
ter cleaning performance but doesmean a lower energy efﬁciency, which
dropped from 30–35% in the 1970s to below 25% in recent years without
noticeable improvements in the cleaning performance (AEA, 2009).
More than 200million of domestic vacuum cleaners are currently in
use in the European Union (EU), with around 45 million sold annually
and a market growth of 9% per year (European Commission, 2013b).
The average annual electricity consumption by these devices in the EU
was estimated at 18.5 TWh in 2010 (European Commission, 2013b),
representing 0.6% of the total EU consumption (ENTSO-E, 2011) and
equivalent to the annual electricity generation by ﬁve gas power plants
(DECC, 2015). Vacuum cleaners, therefore, represent an important area
of action to help reduce the environmental impacts from households.
For that reason, the European Commission (EC) has recently developed
an eco-design regulation to encourage manufacturers to produce moreenergy efﬁcient vacuum cleaners without compromising product per-
formance and economic feasibility (European Commission, 2013a).
The regulation considers only most widely used domestic vacuum
cleaners (i.e. upright and canister/cylinder) and excludes others, such
as dry and/or wet, robot, battery-operated and ﬂoor-polishing devices.
Another important aspect considered by the EC to improve the envi-
ronmental performance of household appliances is the recycling of
waste electrical and electronic equipment (WEEE). The generation
and treatment of WEEE is currently a rapidly growing environmental
problem inmany parts of the world. As themarket continues to expand
and product innovation cycles become shorter, the replacement of elec-
tric and electronic equipment accelerates, making electronic devices a
fast-growing source of waste (Kiddee et al., 2013; Premalatha et al.,
2014; Robinson, 2009; Song and Li, 2014; Widmer et al., 2005). To
help address this problem, the WEEE directive aims to prevent, re-use,
recycle and/or recover these types of waste (European Parliament,
2012). It also seeks to improve the environmental performance of all
players involved in the life cycle of electrical and electronic equipment
(producers, distributors and consumers) and, in particular, those in-
volved directly in the collection and treatment of WEEE. Waste preven-
tion and minimisation also contribute directly to improving resource
efﬁciencywhich is at the core of the European 2020 strategy for creating
a smart, sustainable and inclusive economy (European Commission,
2010).
Therefore, considering these policy drivers, the main objectives of
this study are:
• to evaluate life cycle environmental impacts of vacuum cleaners and
identify opportunities for improvements; and
• to assess the effects at the EU level of the implementation of the eco-
design andWEEE regulations related to vacuum cleaners and provide
recommendations for future research and policy.
As far as we are aware, this is the ﬁrst study of its kind for vacuum
cleaners internationally.
2. Methods
The LCA study has been conducted according to the guidelines in ISO
14040/44 (ISO, 2006a, 2006b), following the attributional approach.
The assumptions and data are detailed in the following sections, ﬁrst
for the reference vacuum cleaner considered here and then for the
study at the EU level.
2.1. Reference vacuum cleaner
2.1.1. System description and boundaries
Vacuum cleaners can be broadly categorised as upright and canister/
cylinder type. In the upright design, the cleaning head is permanently
connected to the cleaning housing, whereas in the cylinder type, the
cleaning head is separated from the vacuum cleaner body, usually by
means of a ﬂexible hose. Cylinder vacuum cleaners represent 85% of
the European market (AEA, 2009). Vacuum cleaners can have a dispos-
able bag or they can be bagless with a reusable dust container. The
European market shows an upward consumer trend towards low-cost
bagless vacuumcleanerswith high power rating,most of which are pro-
duced in China (AEA, 2009). Therefore, this study focuses on a
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of the European market for these products.
The scope of the study is from ‘cradle to grave’, with the following
stages considered (Fig. 1):
• raw materials:
o metals: galvanized and stainless steel, aluminium, brass and copper;
o plastics: polyvinyl chloride (PVC), polypropylene (PP), acrylonitrile
butadiene styrene (ABS), polyoxymethylene (POM), high density
polyethylene (HDPE) and ethylene vinyl acetate (EVA); and
o cardboard (for packaging);
• production: metal stamping and plastic moulding (to obtain the de-
sired shape), production of internal cables, power cord and plug,
screen printing, product assembly and packaging;
• use: consumption of electricity and replacement of ﬁlters;
• end of life: disposal of post-consumer waste; and
• transport: rawmaterials and packaging to the production factory, vac-
uum cleaner to retailer, end-of-life waste to waste management facil-
ity. Consumer transport to and from retailer is not considered because
of a large uncertainty related to consumer behaviour and allocation of
impacts to a vacuum cleaner relative to other items purchased at the
same time. A sensitivity analysis showed that this assumption is ro-
bust as the contribution of consumer transport (petrol or diesel car,
average distance of 5 km) to the total impacts of a vacuum cleaner is
negligible (b0.9%).
The functional unit is deﬁned as the ‘use of the vacuum cleaner for
50 h/year over a period of eight years (product lifetime) to clean a typ-
ical European household (87 m2)’. This deﬁnition is based on the speci-
ﬁcations provided by the eco-design regulation (European Commission,
2013a) to analyse the energy consumption of vacuum cleaners. In order
to assess the effects of the application of the eco-design andWEEE reg-
ulations, the environmental impacts are calculated by considering the
total number of vacuum cleaners used in the EU28 over a year.Fig. 1. System b2.1.2. Inventory data
The inventory data for the vacuum cleaner are detailed in Table 1
with an overview of the dismantled product displayed in Fig. 2. The
contribution of the different components to the total weight (61% for
plastics, 22% for metals and 17% for packaging) correspond well with
the average values provided by the AEA (2009) for vacuum cleaners
sold and used in the EU (50% plastics, 20–30% metals and 10–20% for
packaging).
Primary production data, including the amount and type of raw and
packaging materials and a detailed description of the vacuum cleaner
production, have been obtained from amajor vacuum cleaner producer.
Background data have been sourced from the Ecoinvent v2.2 database
(Ecoinvent Centre, 2010). Open literature sources and GaBi database
(Thinkstep, 2015) have been used to ﬁll data gaps if datawere not avail-
able in Ecoinvent. Further details on the inventory data are provided in
the next sections.
2.1.2.1. Rawmaterials, production and packaging. The dismantled compo-
nents of themain body and accessories show in Fig. 2 have been individ-
ually weighed to estimate the material composition of the vacuum
cleaner (Table 1). The total weight of themain body is 3.5 kg. Themetal-
lic components (1.2 kg) are made of aluminium (motor and screws),
stainless and galvanized steel (motor), brass (plug) and copper (plug,
power cord, wire cables and motor). The materials used for the plastic
components of themain body (2.3 kg) are PP (external andmotor struc-
ture), ABS (dust container and structure of air ﬁlters), HDPE (air ﬁlters)
and PVC (plug, power cord and wire cables). Accessories (0.95 kg) are
made of EVA (ﬂexible hose, hose collar and handle), PP (ﬂoor brush
and furniture tool) and HDPE (extension tube). Ecoinvent life cycle
data have been used for these components, except for the production
of POM, for which the data were not available and have been sourced
from Plastics Europe (2014). As the materials are produced in China,
Ecoinvent data for the electricity grid in China have been used for all pro-
duction processes. Injection moulding is assumed for the production ofoundaries.
Table 1
Life cycle inventory data for the vacuum cleaner.
Life cycle stages Data sourcea
Raw material (main body)
Polyvinyl chloride 342 g Own measurementsb
Polypropylene 806 g Own measurementsb
Acrylonitrile butadiene styrene 1112 g Own measurementsb
Polyoxymethylene 23 g Plastics Europe (2014) and own measurements
High density polyethylene 19 g Own measurementsb
Copper 177 g Own measurementsb
Brass 20 g Own measurementsb
Galvanized steel 234 g Own measurementsb
Stainless steel 408 g Own measurementsb
Aluminium 376 g Own measurementsb
Raw material (accessories)
Ethylene vinyl acetate 415 g Own measurementsb
High density polyethylene 229 g Own measurementsb
Polypropylene 301 g Own measurementsb
Packaging
Folding box 695 g Own measurementsb
Cardboard trays 176 g Own measurementsb
Protective cardboard 19 g Own measurementsb
Polyethylene bags 26 g Own measurementsb
Production
Injection moulding (electricity) 17.3 MJ Manufacturerc
Injection moulding (heat) 14.4 MJ Manufacturerc
Metal stamping (electricity) 5.6 MJ Manufacturerc
Metal stamping (heat) 2.5 MJ Manufacturerc
Screen printing (electricity) 0.2 kJ Manufacturerc
Power cord, plug and wire cables
Electricity 2.1 MJ Manufacturerc
Heat 0.3 MJ Manufacturerc
Assembly and packaging
Electricity 26.3 MJ AEA (2009)
Water 13 l AEA (2009)
Transport
Raw materials (main body): transport to factory 0.3 t·km Own assumptiond
Raw materials (accessories): transport to factory 0.2 t·km Own assumptiond
Packaging: transport to factory 0.1 t·km Own assumptiond
Vacuum cleaner: factory to Shanghai port 0.8 t·km Own assumptiond
Vacuum cleaner: Shanghai port to Rotterdam port 104.6 t·km Sea Distance (2016)
Vacuum cleaner: port (Rotherham) to Munich 4.4 t·km Via Michellin (2016)
Vacuum cleaner: distribution centre (Munich) to retailer 0.8 t·km Own assumptiond
End of life: transport to waste treatment 0.4 t·km Own assumptione
Use
Electricity 560 kWh ENTSO-E (2014a)
Three air ﬁlter replacementsf 378 g Own measurementsb and manufacturerc
End of lifeg
Recycling (metals) 1154 g AEA (2009), Kemna et al. (2011)
Recycling (plastics) 943 g Plastics Europe (2015), Schmidt (2012)
Recycling (packaging) 748 g Eurostat (2015a)
Incineration with energy recovery (plastics) 1305 g ENTSO-E (2014a), Plastics Europe (2015)
Incineration with energy recovery (packaging) 62 g ENTSO-E (2014a), Eurostat (2015a)
Landﬁlling (metals) 61 g AEA (2009), Kemna et al. (2011)
Landﬁlling (plastics) 1404 g Plastics Europe (2015)
Landﬁlling (packaging) 80 g Eurostat (2015a)
a Ecoinvent data (Ecoinvent Centre, 2010) have been used for the background data, except for the data incineration with energy recovery which are from GaBi (Thinkstep, 2015).
b Vacuum cleaner was disassembled and raw materials and packaging individually weighted.
c Conﬁdential.
d 150 km.
e 50 km for landﬁlling and 100 km for incineration and recycling.
f 12% high density polyethylene and 88% acrylonitrile butadiene styrene.
g Plastics includes the main body, accessories, ﬁlter replacements and polyethylene bags. Packaging includes folding box, cardboard trays and protective cardboard.
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sion are assumed for the production of steel and aluminium components,
respectively. As no speciﬁc processes were available for copper shaping,
Ecoinvent data for generic metal shaping have been considered.
The primary packaging of the vacuum cleaner consists of a folding
cardboard box, two cardboard trays, one interior protective cardboard
and several plastic (polyethylene) bags to protect the accessories
(Fig. 3). Inventory data for the board folding and production of the
box with offset printing have been used for the folding box. The trays
and cardboard have been modelled using data for corrugated board(mixed ﬁbre) and PE ﬁlm has been used for the plastic bags. Data
from Ecoinvent have been used for all packaging.
The following assumptions have been made to ﬁll data gaps and
adapt some datasets:
• For power cord and plug, Ecoinvent data for production of the com-
puter cable have been adapted. The power cord H05VVH2-F
2 × 0.75 mm2 has been assumed, with a weight of 14 g/m of copper
instead of the 19.5 g/m in a regular computer cable, based on own
measurements. For the plug, the Ecoinvent dataset has beenmodiﬁed
Fig. 2. Dismantled vacuum cleaner, including its accessories.
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brass and 3 g of copper).
• Data for electricity andwater consumption for vacuumcleaner assem-
bly and packaging have been obtained from AEA (2009).
2.1.2.2. Use. Based on an average use of 50 h/year and an expected life of
eight years, the estimated electricity consumption during the lifetime of
the vacuum cleaner with the power rating of 1400 W is equal to
560 kWh. The inventory data for electricity generation for the EU28
have been obtained from the European Network of Transmission Sys-
tem Operators for Electricity (ENTSO-E) to model the EU electricity
mix (ENTSO-E, 2014a); see Table S1 in Supporting information. The
data correspond to the year 2013, which is considered here as the
base year. For ﬁlter replacements, it has been assumed that air ﬁlter is
changed once every two years (or after 100 h of use), as recommended
by manufacturers.
2.1.2.3. End of life. The following assumptions have been made for the
end-of-life stage for the main body of the vacuum cleaner:
• For metal waste, 95% recycling rate has been assumed (AEA, 2009;
Kemna et al., 2011) and Ecoinvent data have been used to model the
recycling process. The system has been credited for recycling by
subtracting the equivalent environmental impacts of virgin metals,
while also including the impacts from the recycling process. Based
on the ‘net scrap’ approach (Bergsma and Sevenster, 2013), the credits
have only been considered for the percentage of recycled metals that
exceeds the recycled content in the original raw material. ForFig. 3. Primary packaging of the vacuum cleaner.example, copper is made up of 44% recycled and 56% virgin metal so
that the system has been credited for recycling 51% of copper (95%
minus 44%) at the end of life. A similar approach has been applied
for steel and aluminium.
• In the case of plastics (PVC, PP, ABS, POM and HPDE), plastic disposal
data for Europe in 2012have been assumed: 26% recycling, 36% inciner-
ation with energy recovery and 38% landﬁlling (Plastics Europe, 2015).
The systemhas been credited for recycledmaterials using the approach
described above. For recycling, data from Schmidt (2012) have been
modelled, but using the EU28 electricity mix in 2013 (ENTSO-E,
2014a). The same electricity mix has been used to credit the avoided
impacts for the recovered electricity from incineration of plastic
waste. The GaBi database has been used for these purposes since
these data are not available in Ecoinvent. All polyethylene bags are as-
sumed to be landﬁlled, using life cycle inventory data from Ecoinvent.
• For the cardboard packaging, the latest available packaging disposal
data (for the EU27 in 2012) have been assumed as follows: 84%
recycling, 7% incineration with energy recovery and 9% landﬁlling
(Eurostat, 2015a). Since the cardboard packaging is mostly made from
recycled material, no credits for the avoided material have been
considered.
TheWEEE directive established that for small household appliances,
including vacuum cleaners, the rate of recovery should be 70% and at
least 50% of the weight of appliance shall be recycled (European Parlia-
ment, 2012). Considering the assumptions made in this study, 73% of
the weight of the vacuum cleaner is recovered at the end of life (50%
is recycled and 23% incineratedwith energy recovery), which is in com-
pliance with the directive.
2.1.2.4. Transport. The transport details can be found in Table 1. If not
speciﬁed in databases, the rawmaterials and the packaging are assumed
to travel for a distance of 150 km to the factory in 16–32 t Euro 3 truck.
After the production and packaging in China, the vacuum cleaner is
shipped to Europe. The transport distances have been estimated consid-
ering shipping by a transoceanic tanker (19,500 km) between major
container ports in China (Shanghai) and Europe (Rotterdam) (Sea
Distance, 2016; World Ship Council, 2013) and then road transport by
a 16–32 t Euro 5 truck to a distribution centre in Munich (830 km),
representing geographically a central point of the EU. Generic distances
of 150 km have been used for transport from production factory to port
of Shanghai (16–32 t Euro 3 truck) and from distribution centre to re-
tailer (16–32 t Euro 5 truck). For the transportation of waste to ﬁnal dis-
posal, a distance of 50 km (for landﬁlling) and 100 km (for incineration
and recycling) in a 16–32 t Euro 5 truck have been assumed. The
Ecoinvent database has been used for the background transport data.
Table 2
Parameters considered for the current situation and a future scenario.
Parameter Current situation (2013) Future scenario (2020) Sensitivity analysis for future scenario (2020)
Functional unit 213.84 million units 229.26 million units 229.26 million units
Power 1873 W 1060 W 2337 W
Lifetime expectancy 8 years 8 years 5 years
Electricity mix EU28 (year 2013) EU28 (year 2020) Poland, Ireland, France, Denmark (year 2020)a
End-of-life options 80% recovery (70% recycling) 70% recovery (50% recycling) 100% landﬁlling
a Sensitivity analysis for one vacuum cleaner.
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This section gives an overview of the assumptions for the study at
the EU28 level, carried out to evaluate possible implications of the im-
plementation of the eco-design regulation (European Commission,
2013a) and theWEEE directive (EuropeanParliament, 2012). Two time-
lines are considered for these purposes: i) current situation (2013) and
ii) a future scenario for the year 2020. In both cases, the impacts have
been estimated for all vacuum cleaners in use in the EU28 countries
over a year.
As shown in Table 2, a number of different parameters have been
considered, including power ratings and end-of-life options for vacuum
cleaners as they are affected by both regulations. Furthermore, since
electricity consumption is the main hotspot in the life cycle of vacuum
cleaners, different electricity mixes are considered, assuming a lower
carbon intensity in 2020 than at present (European Parliament and
Council of European Union, 2009). Finally, a different number of vacu-
um cleaners in use have also been considered. These assumptions are
explained in more detail in the next two sections.
2.2.1. Current situation
The following assumptions have been made for the key parameters
for the current situation:
• Average power rating: according to the European Commission
(2013b), the average power rating of vacuum cleaners in the EU was
1739W in 2010,with an average annual increase of 2.5%. Thus, the av-
erage power rating of 1873 W has been assumed for 2013.
• Electricity mix: 2013 electricity mix for the EU28 countries as de-
scribed in Section 2.1.2.2 has been considered.
• Number of vacuum cleaners in use: based on the number of house-
holds in the EU28 countries in 2013 (Eurostat, 2015b) and assuming
one vacuum cleaner per household (Huisman et al., 2008), it is esti-
mated that 213.84 million cleaners were in use that year.
• End-of-life disposal: waste options described in Section 2.1.2.3 have
been used.
2.2.2. A future scenario
By 2020, both the eco-design and theWEEE regulations will be fully
implemented, therefore, the future scenario has been modelled for the
year 2020. The key parameters for this scenario are estimated as below:
• Average power rating: The eco-design regulation establishes that new
vacuum cleaners marketed after 1 September 2014 should have a
power rating below 1600 W and those marketed after 1 September
of 2017 should be below 900 W. Given that the mix of new and old
vacuum cleaners will be in use in 2020, an average power rating of
1060 W has been assumed, based on the following: i) an average
power value of 1400 W for vacuum cleaners produced between
2014 and 2016 and 800 W for 2017–2020; ii) an expected lifespan
of eight years, equivalent to the annual substitution rate of 12.5%
(European Commission, 2013b) and iii) 9% increase in sales each
year (European Commission, 2013b).
• Electricity mix: the most feasible scenario for decarbonising the EU28
electricity mix by 2020 projected by ENTSO-E (2014b) has beenconsidered (see Table S1 in Supporting information).
• Number of vacuum cleaners in use: to estimate the total amount of
vacuum cleaners in use in 2020, the same approach has been used
as for the current situation. Considering the number of households
in the EU28 countries in 2013 (Eurostat, 2015b) and 1% annual
growth (European Commission, 2013b), it is estimated that 229.26
million of vacuum cleaners will be in use in 2020.
• End-of-life disposal: If the WEEE directive is fully implemented by
2020, small appliances such as vacuum cleaners should have a rate
of recovery of 80% and, at least, 70% shall be recycled. To achieve
these rates, and considering that the actual recycling ratio of metals
is already high (95%), future changes in recovery and recycling will
be focused mainly on plastic components. Thus, to achieve the
above rates, a minimum of 57% of plastics must be recycled and 15%
incinerated with energy recovery, with the rest being landﬁlled.
These rates have been applied to the plastic materials making up the
main body of the vacuum cleaner (PVC, PP, ABS, POM and HPDE).
Note that the WEEE directive affects only the electronic section of
products, hence the consideration of the plastics in the main body.
For the other parts, (accessories, ﬁlters and packaging), no changes
inwaste treatment have been considered because of the lack of specif-
ic data or regulation on recycling. To evaluate the effects of theWEEE
directive, a scenario with 100% landﬁlling of themain body and acces-
sories has been used as a reference case for comparison.
2.2.3. Other assumptions
The other assumptions for the current situation and the future sce-
nario are as follows:
• The same inventory data for the rawmaterials, packaging, production
and transport presented in Section 2.1.2 have been used for both the
current situation and the future scenario. The vacuum cleaner is rep-
resentative of the actual European vacuum cleaners and, therefore,
its inventory data are considered to be accurate for the current situa-
tion. However, development of new technologies to achieve the same
cleaning efﬁciencieswith less power can have environmental implica-
tions, especially in the manufacturing of future vacuum cleaner
models. These developments do not necessarily imply an increase of
environmental impacts, because, for example, a tendency to use less
material has been observed in recently developed vacuum cleaners
according to new regulations (Biček et al., 2014; European Commis-
sion, 2013b). Taking this tendency into account, the assumption
made here for the same amount of materials used in the future as
today can be considered as a worst case scenario.
• For both the current situation and the future scenario, the lifetime of
eight years has been assumed for the vacuum cleaners. However,
the European Commission (2013b) stated that it is possible that the
life expectancy of the average vacuum cleaner in 2020 would be re-
duced to ﬁve years. The effect of this assumption has been tested
through a sensitivity analysis.
• For end of life, the same assumptions have been made for all vacuum
cleaners. However, it can be argued that the recyclability can vary
from one model to another. To explore the signiﬁcance of this as-
sumption, a sensitivity analysis considers an extreme situation with
all the waste landﬁlled by 2020.
Fig. 4. Life cycle environmental impacts of the vacuum cleaner over the eight-year lifetime. [The values shown on top of each bar represent the total impact after the system credits have
been applied and should be multiplied by the factor shown in brackets for some impacts to obtain the original values. Raw materials include the packaging. ADPe.: abiotic depletion
potential of elements, ADPf.: abiotic depletion potential of fossil resources, AP: acidiﬁcation potential, EP: eutrophication potential, GWP: global warming potential, HTP: human
toxicity potential, MAETP: marine aquatic ecotoxicity potential, FAETP: freshwater aquatic ecotoxicity potential, ODP: ozone layer depletion potential, POCP: photochemical oxidants
creation potential, TETP: terrestrial ecotoxicity potential, PED: primary energy demand. DCB: dichlorobenzene].
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however, the electricity proﬁle can vary highly from one country to
another. Therefore, a sensitivity analysis has been conducted consid-
ering country-speciﬁc electricitymixes in 2020 for different countries.2.3. Environmental impact assessment
GaBi 6.5 software (Thinkstep, 2015) has been used tomodel the sys-
tem and the CML 2001 (April 2013 version) mid-point impact assess-
ment method (Guinee et al., 2001) has been applied to calculate the
environmental impacts of the vacuum cleaner. The following impacts
are considered: abiotic depletion potential of elements (ADPelements),
abiotic depletion potential of fossil resources (ADPfossil), acidiﬁcation
potential (AP), eutrophication potential (EP), global warming potential
(GWP), human toxicity potential (HTP), marine aquatic ecotoxicity po-
tential (MAETP), freshwater aquatic ecotoxicity potential (FAETP),
ozone depletion potential (ODP), photochemical oxidants creation po-
tential (POCP) and terrestrial ecotoxicity potential (TETP). In additionTable 3
Comparison of annual environmental impacts of vacuum cleaners in EU28 for the current situa
Impactsa Total value for the
current situation
(2013)
Future scenario (2020)
Variation due to the
implementation of the
eco-design regulation
Variation due
implementati
WEEE directiv
ADPelements (t Sb eq./year) 30.9 −11.5 (−37.2%) −0.07 (−0.2
ADPfossil (PJ/year) 127.6 −53.8 (−42.2%) −1.1 (−0.9
AP (kt SO2 eq./year) 58.1 −23.7 (−40.8%) −0.20 (−0.3
EP (kt PO43− eq./year) 36.8 −16.1(−43.8%) −0.07 (−0.2
FAETP [Mt DCB eq./year) 6.3 −2.7 (−42.9%) −0.02 (−0.3
GWP (kt CO2 eq./year) 10,874 −4626 (−42.5%) −76 (−0.7
HTP (Mt DCB eq./year) 8.4 −3.2 (−38.1%) −0.03 (−0.4
MAETP (Gt DCB eq./year) 19.8 −8.4 (−42.4%) −0.2 (−1.0
ODP (kg R11 eq./year) 597.8 −236.9 (−39.6%) −0.3 (−0.1
POCP (kt C2H4 eq./year) 3.6 −1.4 (−38.9%) −0.04 (−1.1
TETP (kt DCB eq./year) 235.0 −98.6 (−42.0%) −0.1 (−0.1
PED (PJ/year) 263.7 −115.8 (−43.9%) −1.1 (−0.4
a For impacts nomenclature, see Fig. 4.
b The total value for each impact represents the sum of the current impact and all the variat
centage increase (+ve) or decrease (−ve) on the 2013 values.to the CML impact categories, primary energy demand (PED) has also
been calculated.
3. Results and discussion
The results are ﬁrst discussed for the reference vacuum cleaner,
followed by the impacts at the EU28 level.
3.1. Reference vacuum cleaner
The environmental impacts of the reference vacuum cleaner and the
contribution of different life cycle stages are shown in Fig. 4 and Table S2
(Supporting information), respectively. For example, over its lifetime
the vacuum cleaner will use 7.5 GJ of primary energy and emit 312 kg
CO2 eq. The use stage is the major contributor (N78%) to most impact
categories, except for the ADPelements and HTP to which it contributes
62% and 68%, respectively. The impacts are almost entirely due to the
consumption of electricity by the vacuum cleaner, partly because of
the high energy usage over its lifetime and partly because of the domi-
nance of fossil fuels in the electricity mix (Table S1 in Supportingtion and the future scenario.
to
on of the
e
Variation due to the
decarbonisation of the
electricity mix
Variation due to the increase
in the number of vacuum
cleaners
Totalb
%) 10.5 (+34.0%) 2.2 (+7.2%) 32.1 (+3.8%)
%) −6.3 (−4.9%) 9.2 (+7.2%) 75.7 (−40.7%)
%) −8.2 (−14.1%) 4.2 (+7.2%) 30.2 (−48.1%)
%) −7.4 (−20.1%) 2.7 (+7.2%) 15.9 (−56.7%)
%) −1.2 (−19.0%) 0.5 (+7.2%) 2.8 (−54.6%)
%) −983 (−9.0%) 784 (+7.2%) 6050 (−44.4%)
%) −0.7 (−8.3%) 0.6 (+7.2%) 5.1 (−39.6%)
%) −3.7 (−18.7%) 1.4 (+7.2%) 8.9 (−54.9%)
%) 72.8 (+12.2%) 43.1 (+7.2%) 477.0 (−20.2%)
%) −0.3 (−8.3%) 0.3 (+7.2%) 2.1 (−40.4%)
%) 0.5 (+0.2%) 17.0 (+7.2%) 153.8 (−34.6%)
%) −22.4 (−8.5%) 19.0 (+7.2%) 143.5 (−45.6%)
ions in the impact due to different parameters. The values in brackets represents the per-
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ADPfossil, AP, GWP, EP, FAETP, HTP, MAETP and POCP (Table S2 in
Supporting information).
As can also be seen in Fig. 4, the rawmaterials used to manufacture
the vacuum cleaner are important contributors to the ADPelements (32%),
HTP (28%) and TETP (18%). Most of these impacts are associated with
the use of copper and stainless steel. Themanufacturing process for vac-
uum cleaners has signiﬁcant contribution only for the ODP (15%), main-
ly owing to the emissions of halogen organic compounds (Freon 12)
from the solvents used in themoulding of plastic components. The con-
tribution of manufacturing to some other categories, such as the AP,
POCP and GWP, is relatively small (11%, 10% and 7%, respectively) and
even lower for the rest of the impacts. Transportation has no signiﬁcant
inﬂuence in any of the categories considered, with contributions below
1.5% for all indicators. The end-of-life disposal of the vacuumcleaner has
an overall positive effect on the impacts because of the recycling credits,
particularly for copper and stainless steel which affect the ADPelements,
HTP and TETP most signiﬁcantly.
3.2. Current situation and the future scenario
The potential environmental impacts of vacuum cleaners in 2013
and 2020 across the EU28 are compared in Table 3. The results for the
future scenario also show the variations related to the implementation
of the eco-design and WEEE regulations, the assumed changes in the
European electricity mix and the projected increase in the number of
units in use.
As can be seen from Table 3, all the impacts would decrease by 2020
under the assumptions made here. The only exception to this is the
ADPelements which is expected to increase by around 4%. Even though
the implementation of the eco-design regulation will result in a signiﬁ-
cant reduction of this impact (by 37% compared to the current situa-
tion), this is offset by the increase associated with the change in the
electricity mix (34%) and the expected rise in the number of vacuum
cleaners in 2020 (7%) The expected improvements to theADPelements re-
lated to theWEEE directive are negligible. The increase in the impact as-
sociated with the electricity mix change is mainly due to the assumed
increase in the number of solar photovoltaic panels which are
manufactured using scarce elements, such as tellurium and silver.
As also indicated in Table 3, the other environmental impacts would
be reduced by 20%–57% in 2020 as compared to 2013. For example, the
GWP is expected to be 44% lower than at present, saving
4824 kt CO2 eq./year. To put these results in context, based on the
data from the EU Joint Research Centre (2014), this reduction in CO2
eq. is equivalent to the annual GHG emissions of Bahamas (4865 ktFig. 5.Comparison of annual environmental impacts of all vacuumcleaners in EU28 in 2020with
For impacts nomenclature, see Fig. 4).CO2 in 2012) and 2.5 times the emissions of Malta (1921 kt CO2/year).
This is mainly due to the improvements in the energy efﬁciency related
to the implementation of the eco-design regulation (4626 kt CO2 eq./
year) and to a lesser extent due to the decarbonisation of the electricity
mix (983 kt CO2 eq./year). Compared to these reductions, the decrease
in the GWP associated with the implementation of the WEEE directive
is small (76 kt CO2 eq.). On the other hand, the expected rise in the num-
ber of vacuum cleaners would increase the GWP by 784 kt CO2 eq./year.
Therefore, the implementation of the eco-design regulation and
decarbonisation of the EU electricity mix could compensate the annual
GHG emissions of a whole country like Bahamas.
Similar to the GWP, the most substantial reduction in the other im-
pacts is due to the improvements in the energy efﬁciency of vacuum
cleaners. Further notable improvements would be achieved through
the decrease in the share of coal and increase of renewable electricity
in the European electricity mix by 2020, particularly for the AP, EP,
FAETP and MAETP. However, as shown in Table S3 in Supporting infor-
mation, the change in the electricity mix would increase the ODP of
electricity generation by 24%. This is due to the higher use of natural
gas (related to emissions of halogenated gases used as ﬁre suppressants
in gas pipelines). Therefore, the expected reduction for this impact in
2020 is lower than for the others (20%). The reduction in the TETP is
also lower (35%) because the impact rise for the 2020 electricitymix as-
sociatedwith the increased share ofwind power (related to the chromi-
um emissions in the production of stainless steel) is offset by the lower
contribution of lignite and hard coal (less heavy metals emitted during
burning) and nuclear energy (decrease of air emissions of arsenic asso-
ciated with uranium mining tailings). This means that the TETP from
electricity remains largely unchanged in 2020 (Table S3 in Supporting
information). Therefore, the improvements in this impact category are
only affected by the increase in energy efﬁciency associated with the
eco-design regulation.
The following sections discuss inmore detail the variation in the im-
pacts associatedwith the eco-design regulation and theWEEE directive.
3.2.1. Effects of the implementation of the eco-design regulation
As discussed in the introduction, a tendency to increase the power
rating of vacuum cleaners has been observed in European countries in
recent years. In the absence of the EU eco-design regulation, this trend
would likely continue so that by 2020 the average power of vacuum
cleaners would be 2337 W (European Commission, 2013b). Conse-
quently, the environmental impacts of vacuum cleaners in the EU28
would be 82%–109% higher by 2020 as compared to the impacts with
the implementation of this regulation (Fig. 5). To put this in context,
for the example of the GWP, the implementation of this regulationandwithout the implementation of the eco-design regulation (Basis: 229.25million units.
Fig. 6. Comparison of annual environmental impacts of all vacuum cleaners in EU28 in 2020 with and without the implementation of theWEEE directive (Basis: 229.25 million units. For
impacts nomenclature, see Fig. 4).
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which is equivalent to the emissions of the whole country of Guyana
in 2012 (Joint Research Centre, 2014).
3.2.2. Effects of the implementation of the WEEE directive
Asmentioned in Section 3.2, the implementation of theWEEE direc-
tive would also reduce the environmental impacts of vacuum cleaners
by 2020; however, the reductions are small in comparison to the reduc-
tions related to the eco-design regulation. Nevertheless, similar to the
discussion on the absence of the eco-design regulation in the previous
section, it is important to ﬁnd out how the impacts would change if
there was no WEEE directive. For these purposes, it is assumed that
there is no recycling of vacuum cleaners or their incineration to recover
energy, with the main body and the accessories being landﬁlled.
These impacts are compared in Fig. 6 to those with theWEEE direc-
tive being implemented for the year 2020. Although this is an extreme
scenario, only four of the 12 impacts (ADPelements, FAETP, HTP and
TETP) would increase by N10% as compared to the expected situation
in 2020 with the implementation of the directive. All other impacts
would increase by 2%–9%. Although these reductions appear minor,
considering the large number of vacuum cleaners expected to be inFig. 7. Comparison of annual environmental impacts of an average vacuum cleaner in 2020 use
50 h/year. For impacts nomenclature, see Fig. 4].operation in the EU in 2020 (229.26million), the overall environmental
beneﬁts would still be considerable. For example, the implementation
of the WEEE directive across the EU28 countries would save 76 kt CO2
eq. (relative to 2013) and 220 kt CO2 eq. (compared to noWEEE direc-
tive). This is equivalent to the GHG emissions generated annually by
around 67,500 and 195,500 light duty vehicles, respectively, assuming
an average CO2 emission of 90 g/km and a distance of 12,500 km/year
(Winkler et al., 2014). Furthermore, possible future trends, such as
lower lifetime expectancy, reduced availability of some raw materials
or even greater improvements in energy efﬁciency or the electricity
mix, can increase the relative environmental importance of recycling
the vacuum cleaners.
3.3. Sensitivity analysis
3.3.1. Country speciﬁc electricity mix
The analysis so far has been based on the average EU28 electricity
mix. To explore the effect this assumption may have on the impacts,
four EU countries with very different electricity mix are considered as
part of the sensitivity analysis: i) Poland (mainly coal, 70.5%), ii)
France (mainly nuclear, 47.4%), iii) Denmark (mainly renewables,d in different EU countries with the EU28 average [Basis: a 1060 W vacuum cleaner used
Table 4
Annual environmental impacts by life cycle stage for all EU28 vacuum cleaners in 2020
considering a lifetime of ﬁve years.
Impact cat. ind.a Raw materials Production Use End of life Transport
ADPelements (t Sb eq.) 16.9 2.6 25.7 −9.4 0.1
ADPfossil (PJ) 14.2 9.8 65.1 −7.4 1.1
AP (kt SO2 eq.) 4.0 8.8 23.0 −1.9 0.8
EP (kt PO34− eq.) 2.2 1.2 13.7 0.1 0.2
FAETP (Mt DCB eq.) 0.8 0.2 2.3 −0.1 0.0
GWP (Mt CO2 eq.) 0.7 1.0 5.1 −0.3 0.1
HTP (Mt DCB eq.) 3.6 0.4 3.5 −1.5 0.0
MAETP (Tt DCB eq.) 1.9 1.1 7.2 −0.3 0.0
ODP (kg R11 eq.) 19.5 123.6 391.3 −11.8 11.5
POCD (kt C2H4 eq.) 0.6 0.5 1.6 −0.3 0.1
TETP (kt DCB eq.) 61.5 5.4 129.2 −27.8 0.2
PED (PJ) 16.5 13.5 130.1 −8.9 1.3
a For impacts nomenclature, see Fig. 4.
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for details, see Table S1 in Supporting information. As previously, 2020
is taken as the reference year and the annual impacts are estimated con-
sidering the use of a vacuum cleaner for 50 h/year. Owing to a lack of
data on the average power of vacuum cleaners at national levels, the av-
erage power of the vacuum cleaner (1060 W) is assumed. All other as-
sumptions are the same as for the reference vacuum cleaner.
The results in Fig. 7 suggest that in countries where electricity is
dominated by coal (as in Poland), 10 out of 12 impacts of the vacuum
cleaner are higher compared to the EU28 average. The greatest increase
(N110%) is found for the AP, EP, FAETP, GWP, MAETP and POCP. On the
other hand, a higher share of natural gas in the electricity mix (like in
Ireland), results in six impacts (ADPelements, EP, FAETP, HTP, MAETP
and PED) being lower relative to the EU28 average; however, the
other impacts are higher. Finally, the use of renewable or nuclear-
dominated electricity (Denmark and France, respectively) leads to sig-
niﬁcantly lower impacts for 10 out of the 12 analysed categories. This
is due to the reduced use of fossil fuels, with the largest reductions in
the ADPfossil, EP, FAETP, GWP andMAETP. This demonstrates that the ef-
fect of energy efﬁciency measures, such as those in the eco-design reg-
ulation, can be greater if accompanied by electricity decarbonisation. On
the other hand, for countries which already have a low-carbon grid, the
environmental beneﬁts of energy efﬁciency are lower, but nevertheless
still signiﬁcant.
3.3.2. Reduced lifetime expectancy
In the above analyses, an estimated lifetime of eight years has been
considered for the vacuum cleaners. However, as mentioned earlier,
the life expectancy of an average vacuum cleaner could be reduced to
ﬁve years by 2020 (European Commission, 2013b) Therefore, the effect
of this reduction on the environmental impacts is considered here.
The results suggest that a decrease in the service life of vacuum
cleaners would cause a modest increase in impacts, 10%–20% for seven
categories and b10% in the other ﬁve. As shown in Fig. 8, the highest in-
crease would occur for the HTP, which would rise by 19% and the
smallest for the PED (6%). These ﬁndings are perhaps not surprising as
the impacts are dominated by the use stage. However, as the energy ef-
ﬁciencymeasures take hold and future electricity mix becomes less car-
bon intensive, the importance of the lifetime of vacuum cleaners aswell
as the other life cycle stages may increase. To illustrate the point, we
consider the contribution of different life cycle stages to the impacts of
vacuum cleaners with the life expectancy of ﬁve years.
As can be observed in Table 4, the rawmaterials and vacuum cleaner
production are jointly responsible for over 19% of the impact for each
category considered. For the ADPelements and HTP, the combinedFig. 8. Comparison of annual environmental impacts of all EU28 vacuum cleaners in 2020 focontribution of these two stages is twice as high (N40%). Similarly, for
these two categories, the contribution of waste management related
to the improved end-of-life waste management (in line with the
WEEE directive) is important, reducing the total impacts by over 20%.
This suggests that the possible reduction in the lifespan of vacuum
cleaners, along with the increased energy efﬁciency and future electric-
ity decarbonisation, could increase the relative importance of the raw
materials, production and waste management stages. Therefore, even
though further energy efﬁciency improvements will be necessary,
optimising the use of raw materials, production processes and disposal
of waste should also be considered to help achieve greater environmen-
tal improvements in the life cycle of vacuum cleaners (and other
devices).
4. Conclusions and recommendations
This paper has presented for the ﬁrst time a comprehensive study of
life cycle environmental impacts of vacuum cleaners and discussed the
implications in the EU context. Electricity consumption during the use
stage is currently the main contributor to all impact categories in the
life cycle of a vacuum cleaner. However, the raw materials (especially
copper and stainless steel) and end-of-life disposal can be considered
hotspots for the depletion of scarce elements, human toxicity and ter-
restrial ecotoxicity, and the production stage for the depletion of the
ozone layer. These results demonstrate that environmental impact
studies of vacuum cleaners and other energy-using products must con-
sider all stages in the life cycle and not just their use, to avoid solving
one environmental problem at the expense of others.r the lifetimes of eight and ﬁve years (Basis: 229.25 million units. Indicators, see Fig. 4).
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European level (EU28) taking into account the effects of two EU laws
(the eco-design regulation and the WEEE directive) as well as the ex-
pected decarbonisation of electricity and the projected increase in the
number of units in use. By 2020, the combined effect of these parame-
ters could amount to a 20%–57% reduction in the environmental im-
pacts as compared to the current situation, with the global warming
potential being 44% lower than today. The exception to this is depletion
of elements, which will increase by around 4% on the present value.
The implementation of the eco-design regulation alone would im-
prove signiﬁcantly the environmental performance of vacuum cleaners
by 2020 compared with current situation, with all the impacts reduced
from 37% for the depletion of elements to 44% for eutrophication and
primary energy demand. On the other hand, if the regulation was not
implemented and business as usual continued, the impacts would be
82%–109%higher by 2020 compared to the impactswith the implemen-
tation of the regulation. This would, for example, mean the additional
emissions of GHG equivalent to 6100 kt CO2 eq./year.
Improvements associated with the implementation of theWEEE di-
rective are much smaller (b1%) compared to the current situation than
those achievable by the eco-design regulation. However, if theWEEE di-
rective did not exist, then the impacts would be 2%–21% higher. Al-
though this increase may sound small, it is still signiﬁcant given the
number of vacuum cleaners in use; for instance, the global warming
would increase by 220 kt CO2 eq./year.
Electricity decarbonisation would help to reduce the impacts of vacu-
um cleaners for all of the categories considered, except for the depletion
of elements and the ozone layer. The former would increase because of
the use of scarce metals for solar photovoltaics and the latter because of
a higher share of natural gas in the electricity mix. Related to this, the en-
vironmental impacts of vacuum cleaners at a country level depend on the
national electricity mix, with those based on renewable and nuclear
power having lower impacts than thosewith fossil fuels. Therefore, policy
measures addressing energy efﬁciency (such as the eco-design regula-
tion) must be accompanied by appropriate actions to reduce the impacts
of electricity generation, otherwise their beneﬁts could be limited.
Because of possible future trends, such as shorter lifetime of vacuum
cleaners, reduced availability of some rawmaterials or greater improve-
ments in energy efﬁciency or electricity generation, in addition to the
use stage, it will be important to focus future efforts on understanding
the impacts from other parts of the life cycle, including raw materials,
manufacture and waste treatment. As the results of this study demon-
strate, any improvements in these stages will result in signiﬁcant envi-
ronmental beneﬁts, as the number of vacuum cleaners in use in Europe
is expected to increase in the future. Further studies of possible im-
provements in these life cycle stages based on eco-design principles
are recommended for future research. Furthermore, reuse and
refurbishing of vacuum cleaners could be evaluated to identify opportu-
nities for environmental improvements. Finally, the impacts of other
types of vacuum cleaner (e.g. battery operated, robot, industrial, etc.)
currently not covered by any speciﬁc EU regulation should be consid-
ered in future studies to help inform policy development.
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